designed metallic-resonator-based metamaterials, photo-imprinted photonic structures o↵er us an all-optical route toward reconfigurable functionalities with superior flexibility. Here, we propose to photo-imprint some specific patterns on a thin film of semiconductor to excite Fano- Keywords photo-imprinting, tunability, Fano Resonance, terahertz time-domain spectroscopy For long time, little attention had been paid to the terahertz (THz) regime, due to the lack of e cient sources and detectors, which leads to the so-called "THz gap". However, the developments of quantum-cascade lasers 1 and THz time-domain spectroscopy 2 have significantly stimulated the interests to this unexplored region of electromagnetic spectrum, which has been found to have various potential applications, such as in security detection, 3 medical diagnostics 4 and communication. 5 The accomplishment of the promising applications requires substantial development in devices and components for e↵ectively manipulating THz radiation. Metamaterials, [6] [7] [8] [9] i.e., artificially engineered subwavelength composites capable of possessing exotic properties not attainable with natural materials, 10-13 provide unprecedented possibilities in the generation 14 Figure 1a shows the schematic of the proposed multi-layer dielectric waveguide configuration under investigation, in which, a thin film of GaAs with t d = 25 µm is settled on top of a thick glass substrate (t s ⇡ 1 mm). A thin adhesive layer with t a = 20 µm glues the GaAs film to the glass substrate. Photo illumination of the sample using light with energy larger than the GaAs band gap energy injects carriers in a specific pattern defined by the illumination (see Figure 1) . The unit cell of the design, shown in the inset of Figure 1a , has the period a x and a y along x-and y-direction, respectively, and is composed by side claddings with width w and cut-wire with length l c and width w c . The o↵-center displacement of the cut-wire is denoted by d. In this system, the GaAs film is considered as the dark element of the Fano resonator, since the intrinsic waveguide modes are bound states, which do not directly interact with the incoming electromagnetic wave from free space. The conductive cladding regions after photo excitation e↵ectively quantize these waveguide modes, and here, we will utilize the transverse electric (TE) second quantized mode, the so-called TE 2,0 mode, which possesses antisymmetric (sine-shape within one period) electric field distribution in the x-y plane. The photo-imprinted cut wires serve as scatterers interacting with the incident wave and provide a bridge connecting the external wave and the bound state. When the cut wires are displaced away from the center of the unit cell, we should expect some sharp Fano-like resonance features resulting from the interference between the bright and dark modes. In our design, we take the refractive indexes of GaAs, bounding material and substrate to be n 1 = 3.60, n 2 = 1.61 and n 3 = 1.91, respectively, and the dispersion relations for the two lowest order TE and TM waveguide modes of the GaAs slab in the system are presented in Figure 1b . By setting the quantization length a x = 275 µm, the estimated TE 2,0 waveguide mode will occur at around 0.54 THz. Intuitively, the tunability of the Fano-like feature for the THz signal can be achieved in the following two ways: one is modulating the optical pump energy to control the conductivity of photo-imprinted patterns, and the other is modulating the o↵-center position of the cut wires.
To experimentally demonstrate the expected tunable Fano resonance via photo-imprinting, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 the desired sample described above is fabricated, with initially a 350 µm-thick semi-insulating GaAs wafer glued on the quartz substrate, followed by a polishing procedure to achieve the desired 25 µm thickness for the GaAs film. It needs to be noted that due to the technical challenges of the polishing process, the resulted sample does not have a homogeneous thickness over the entire two inch diameter. This has been revealed by the measurements using scanning electron microscopy, where a focused ion beam was used to randomly drill holes much smaller than the THz wavelength on the surface of the sample, showing that the actual t d varies from 25 µm at the outer parts of the wafer to 10 µm near center. However, the focused THz beam, which is used to probe the optical properties of the sample in the standard THz time-domain spectroscopy (TDS) setup, has a full-width half-maximum diameter of 2.3 mm, and therefore, we expect that the variation in thickness experienced by the THz beam, which is settled at the outer region of the sample, will be fairly small, about 0.4 % of the THz wavelength at 0.5 THz.
Our experimental measurements are performed with the optical-pump THz-probe technique, in which, a laser beam delivered by an amplified laser (Coherent Legend Elite HE, 6 mJ, 100 fs) is split into two parts, with a significant fraction ⇠80% of the power being used 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 are all white or dark correspondingly. The estimated carrier concentration levels are around 4 ⇥ 10 18 and 8 ⇥ 10 16 cm 3 for white and dark pixel illumination, respectively. Therefore, it should be noted that the carrier concentration with dark pixel illumination is higher than that of the intrinsic GaAs, which is at the level of 10 15 cm 3 , due to the finite intensity rejection of the SLM. As shown in Figure 2b for the horizontal and vertical cuts at the top and left side of the projected image, the illuminated units do not have sharp boundaries, as a consequence of the imperfect projection and low numerical aperture of the projection lens. To simplify the analysis of the experimental results, the dimensions of the photoimprinted pattern are estimated based on the optical fluence defining the structures. More specifically, we take e↵ective dimensions by assuming that the boundaries of the structure coincide with the spatial position where the pump intensity is half of its maximum value (I 0 /2). Accordingly, the length and width of cut wires are l c = 60 µm and w c = 32 µm, respectively, while for the cladding wires we have a y = 155 µm and w = 34 µm. The overall photo-imprinted pattern under investigation is positioned in a periodic array with unit cell size 275 µm ⇥155 µm in the x-y plane.
Upon the generation of the conductive pattern with photo illumination, the probing THz pulse impinges onto the sample at normal incidence and consequently the 0 th -order transmission signal is collected by an o↵-axis parabolic mirror, with a collection angle of approximately 8 , and a numerical aperture of 0.14. The collected transmission signal is detected using the electro-optic sampling method and related to the extinction spectrum by E = 1 T , where T is the transmission spectrum. The extinction provides useful information about the scattering and absorption cross section of the device. Figure 3b shows the measured extinction spectra of the various photo-imprinted configurations that correspond to the cut wire being displaced from the center of the unit cell towards the left cladding, as depicted in Figure 3a . When the illuminated cut wires are positioned at the center of the units (see Figure 3a -I), the TE 2,0 waveguide mode supported by the GaAs film cannot be excited, and
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